Three-dimensional magnetic flux rope structure formed by multiple sequential X-line reconnection at the magnetopause by Zhong, J et al.
Three-dimensional magnetic ﬂux rope structure formed by multiple
sequential X-line reconnection at the magnetopause
J. Zhong,1 Z. Y. Pu,1 M. W. Dunlop,2 Y. V. Bogdanova,2,3 X. G. Wang,4 C. J. Xiao,4
R. L. Guo,1 H. Hasegawa,5 J. Raeder,6 X. Z. Zhou,7 V. Angelopoulos,7 Q. G. Zong,1
S. Y. Fu,1 L. Xie,1 M. G. G. T. Taylor,8 C. Shen,9 J. Berchem,7 Q. H. Zhang,10
M. Volwerk,11 and J. P. Eastwood12
Received 28 November 2012; revised 18 March 2013; accepted 16 April 2013; published 28 May 2013.
[1] On 14 June 2007, four Time History of Events and Macroscale Interactions during
Substorms spacecraft observed a ﬂux transfer event (FTE) on the dayside magnetopause,
which has been previously proved to be generated by multiple, sequential X-line
reconnection (MSXR) in a 2-D context. This paper reports a further study of the MSXR
event to show the 3-D viewpoint based on additional measurements. The 3-D structure of
the FTE ﬂux rope across the magnetospheric boundary is obtained on the basis of
multipoint measurements taken on both sides of the magnetopause. The ﬂux rope’s
azimuthally extended section is found to lie approximately on the magnetopause surface
and parallel to the X-line direction; while the axis of the magnetospheric branch is
essentially along the local unperturbed magnetospheric ﬁeld lines. In the central region of
the ﬂux rope, as distinct from the traditional viewpoint, we ﬁnd from the electron
distributions that two types of magnetic ﬁeld topology coexist: opened magnetic ﬁeld lines
connecting the magnetosphere and the magnetosheath and closed ﬁeld lines connecting the
Southern and Northern hemispheres. We conﬁrm, therefore, for the ﬁrst time, the
characteristic feature of the 3-D reconnected magnetic ﬂux rope, formed through MSXR,
through a determination of the ﬁeld topology and the plasma distributions within the ﬂux
rope. Knowledge of the complex geometry of FTE ﬂux ropes will improve our
understanding of solar wind-magnetosphere interaction.
Citation: Zhong, J., et al. (2013), Three-dimensional magnetic flux rope structure formed by multiple sequential X-line
reconnection at the magnetopause, J. Geophys. Res. Space Physics, 118, 1904–1911, doi:10.1002/jgra.50281.
1. Introduction
[2] It is widely accepted that magnetic ﬂux transfer events
(FTEs), identiﬁed as bipolar signatures in the normal mag-
netic ﬁeld component (BN) to the Earth’s magnetopause
(MP) [Russell and Elphic, 1978], are transient signatures
of moving ﬂux ropes created during periods of magnetic
reconnection (MR). Such ﬂux ropes form a channel between
the magnetosphere and magnetosheath to allow transport of
solar wind plasma and energy into geospace [Elphic, 1995;
Lui et al., 2008; Paschmann et al., 1982; Zhang et al.,
2008]. Several MR-related models have been proposed to
explain the ﬂux rope structure and the formation mechanism
[Lee and Fu, 1985; Liu and Hu, 1988; Pu et al., 1990;
Raeder, 2006; Russell and Elphic, 1978; Scholer, 1988]. It
has been suggested that MR can originate at multiple sites,
resulting in complex 3-D structures highly sensitive to
the ambient conditions. Clear observations of ﬂux rope
structures therefore require in situ measurements taken by
multiple spacecraft at well positioned locations [Sibeck
et al., 2008; Zhang et al., 2012], which are extremely rare.
[3] An FTE on the dayside MP was observed to pass by
the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) spacecraft constellation on
14 June 2007 [Dunlop et al., 2011] and has been
interpreted [Hasegawa et al., 2010] within a 2-D picture
of multiple sequential X-line reconnection (MSXR)
[Raeder, 2006], where the FTE signature is consistent
with being created between two X lines on the MP, one
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on the south-dusk side and another forming later on the
subsolar side. In Hasegawa et al. [2010] two X lines were
inferred from two oppositely directed ﬂows converging
toward the FTE, based on a 2-D Grad-Shafranov (G-S)
reconstruction of the magnetospheric branch of the ﬂux
rope. This 2-D picture, however, remained incomplete
because key 3-D structures are not described: closed ﬁeld
loops in the 2-D map cannot display the complicated 3-D
magnetic ﬁeld topology, nor the orientation of the X lines,
which were not directly observed in the G-S reconstruc-
tion. In fact, previous observations have indicated that
FTEs are 3-D phenomena with complex structures and
geometry [Louarn et al., 2004; Owen et al., 2008]. The
MR process producing ﬂux ropes should also be 3-D in
nature [Daughton et al., 2011; Fu et al., 1990; Lee
et al., 1993; ieroset et al., 2011; Tan et al., 2011]. It is
then highly desirable to investigate the ﬂux rope geometry
as 3-D structures. Such an investigation may help to
understand plasma and energy transport across the MP
and is thus of essential importance for understanding solar
wind-magnetosphere coupling. In this paper, the event is
revisited to infer the large-scale 3-D structure of the ﬂux
rope and ﬁeld line topology, placing its axis-orientation
and motion in context, based on the analysis of data from
the electrostatic analyzers (ESA) [McFadden et al., 2008]
and Fluxgate Magnetometers (FGM) [Auster et al., 2008]
onboard the THEMIS spacecraft.
2. Observations of the Flux Rope and 3-D Analysis
2.1. Overview of the Event
[4] The event (see Figure1a) occurred during ~03:40–04:20
UT on 14 June 2007, on the southern, postnoon quadrant
of the subsolar magnetopause. During the interval, the
interplanetary magnetic ﬁeld was strongly duskward. Figure1a
shows that the magnetic ﬁeld and ion velocity transformed
into the local boundary normal coordinates (LMN) [Russell
and Elphic, 1979], where N points outward along the
normal of the local MP and L (M) lies in the MP tangential
surface pointing northward (duskward). The N is derived
from minimum variance analysis of the MP crossing by
THEMIS-B (THB); the M is determined by zN, where
z denotes the z axis of the GSM coordinate system;
The L forms the right-hand system with the N and M:
i.e., NM. The L, M and N unit vectors in the GSM
coordinates are (0.123, 0.040, 0.992), (–0.313, 0.950, 0),
and (0.942, 0.310, –0.129), respectively.
[5] Three FTE signatures (negative-positive BN bipolar),
interpreted as MR ﬂux ropes and marked by vertical dashed
lines in Figure 1a, are observedwhen the spacecraft were slowly
exiting from the magnetosphere into the magnetosheath.
Figure 1b shows the positions of THEMIS-C (THC) and
THEMIS-D (THD) relative to THB, with a cut through the
MP at the time of the central event. THB was ahead of THD
(THC) by about 3377 (3976) km in the N-direction and
ﬁrst crossed the MP at ~03:47 UT. About 15min later,
THD and THC sequentially crossed the MP at 04:01:46
UT and 04:02:57 UT. Thus, THB encountered the ﬁrst
(second) ﬂux ropes and THC/THD the second (third) ones
on the magnetospheric (magnetosheath) sides of the MP.
[6] During the crossings of the ﬁrst and second ﬂux
ropes, two oppositely directed ion jets converging toward
the ﬂux ropes were clearly detected, consistent with these
ﬂux ropes being created through MSXR process, as con-
ﬁrmed in Hasegawa et al. [2010] for the second one. In
Hasegawa et al., [2010], the observational evidence for
MSXR are obtained based on the fact that particle signa-
tures of reconnection on both south-dusk and subsolar
Figure 1. (color). (a) Data from three THEMIS probes (B, D and C) on 14 June 2007, from 03:35 to
04:20UT. Magnetic ﬁeld and plasma bulk velocity are plotted in LMN coordinates. Three ﬂux ropes
(FR, marked by vertical dashed lines) are encountered sequentially. (b) Relative positions of three
THEMIS spacecraft in the LMN coordinate system. The location of the reference spacecraft THC was
(10.2, 3.7, –2.3) RE in GSM.
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sides of the FTE were observed by THB, and that the
subsolar X line was shown to become active later than
the south-dusk side X line. Furthermore, before the ﬁrst
and between the ﬁrst and second ﬂux ropes, THB and
THC/THD observed a south-duskward (–VL, VM, shaded
in yellow in Figure 1a) and then north-dawnward (VL, –
VM, shaded in green in Figure 1a) jet reversal, respec-
tively. Similar jet reversals have been interpreted as the
X line passing by the spacecraft [Pu et al., 2005]. Around
the third ﬂux rope, the plasma jets were not observed, due
to the spacecraft entering into the magnetosheath far away
from the MP.
2.2. Orientations of the Flux Rope and its 3-D Structure
[7] Determining the ﬂux ropes axis orientation is critical
for revealing their 3-D structures. In literatures, the
magnetic-ﬁeld-based minimum variance analysis (BMVA)
technique [Sonnerup and Cahill, 1967; Sonnerup and
Scheible, 1998] has been widely used for analyzing the axial
direction of ﬂux ropes [Fear et al., 2012, and references
therein]. Xiao et al. [2004] made a numerical MVA test for
different ﬂux rope models and found that the relationship
between the axis orientation and the directions of the eigen-
vectors of BMVA were critically dependent on the space-
craft paths relative to the ﬂux ropes and structure of the
ﬂux rope encountered. They showed that the BMVA can
provide a valuable technique to infer the ﬂux rope axis in
two cases. One is that the spacecraft passes through the
center of the ﬂux rope. Regarding the internal ﬁeld of the
ﬂux rope as magnetic force-free conﬁguration [Goldstein,
1983; Lepping et al., 1990], one can ﬁnd that the intermedi-
ate variance direction of B from BMVA best ﬁts the axial
orientation [Lepping et al., 1990], while for non–force-free
ﬂux ropes, the BMVA might in some situations fail as
the useful tool [Xiao et al., 2004]. Another case is that the
spacecraft trajectory remains sufﬁcient outside the ﬂux rope
(i.e., “grazing” FTE), the BMVA presents a unique tool for
inferring the ﬂux rope orientation, with the minimum vari-
ance direction being best representing the axial direction
[Farrugia et al., 1987].
[8] For the second ﬂux rope on 14 June 2007, the Grad-
Shafranov reconstruction showed that THC/THD was pass-
ing through near its center [Hasegawa et al., 2010]; we thus
could take the intermediate BMVA direction to approximate
the orientation of the section of the ﬂux rope encountered by
THC/THD. On the other hand, THB detected magnetosheath
plasma properties during most of the BN bipolar variation,
which are commonly regarded as that the spacecraft is cross-
ing the draping region of the FTE on the magnetosheath side
[Le et al., 1999]. Therefore, it is reasonable to assume that
the minimum variance direction of B from BMVA can
best represent the local ﬂux rope axial orientation crossed
by THB.
[9] For THC, the calculated ﬂux rope orientation is
(0.982, 0.162, 0.099) in LMN, very close (~3.7) to the
normal to the G-S plane: (0.971, 0.224, 0.085)LMN
[Hasegawa et al., 2010]. Thus, it is reasonable to adopt
(0.982, 0.162, 0.099)LMN as the axial orientation for the
section of ﬂux rope observed by THC, which is nearly
aligned to the local magnetospheric magnetic ﬁeld direc-
tion. This is consistent with that the ﬂux rope encountered
by THC is the part of the magnetospheric arm of the ﬂux
rope. On the other hand, the calculated orientation of the
local ﬂux rope encountered by THB is (0.515, 0.853, –
0.084)LMN (see Table 1). This direction is dominantly in
the M direction and deviates from the MP tangential
surface by only about 4.8, indicating that this section of
the ﬂux rope is lying nearly along the local MP surface
(L-M plane). We therefore regard it as the azimuthally
extended section of the ﬂux rope. Note that THB is
separated from THD by 3001 (3377) km in the M (N)
direction (Figure 1b), therefore it samples a different
part of the ﬂux rope in comparison with that encountered
by THC.
[10] Furthermore, the orientation of the expected X line
can be calculated using the component merging model
[Sonnerup, 1974]. The component merging model predicts
that the average magnetic ﬁelds on two sides of the MP
current sheet have a common component parallel to the X
line (this also deﬁnes the direction of maximum current
arising from the crossed magnetic ﬁelds). The averaged adja-
cent magnetospheric and magnetosheath magnetic ﬁelds
(BMSP, BMSH) can thus be used to calculate the X-line
orientation: N (BMSPBMSH)/|N (BMSPBMSH)|. The
BMSP and BMSH are, respectively, 52(0.997, –0.074,
0.037) nT and 47(–0.234, 0.972, 0.003) nT in LMN, aver-
aged over the time period of 03:35:00–03:39:00 UT and
04:06:00–04:11:00 UT, respectively. Then, the calculated
X-line orientation is ~ (0.62, 0.78, 0.00)LMN, nearly parallel
to the orientation of the ﬂux rope section encountered by
THB, with the angle between them being ~7.3 in the MP
surface. This is also consistent with the fact that THB
encountered the azimuthally extended section of the ﬂux rope
near the MP. The orientations of the parts of the ﬁrst and third
ﬂux ropes encountered by THEMIS probes, and the angle
they make with respect to the local, unperturbed magneto-
spheric ﬁeld (aMSP-line) and to the X line (aX-line) are listed
in Table 1.
Table 1. Results of Principal Axis Analysisa
FTEs S/C (MVA Time Interval)
Eigen Ratio
Axis Orientation
(LMN) aMSP-line aX-line
Crossing FTE
Section(l2/l3)
~03:47 UT THB (03:46:10–03:47:18) 5 (0.985, 0.172, –0.010) 14.4 41.6 magnetospheric arm
~04:00 UT THC (03:59:24–04:00:40) 3 (0.982, 0.162, 0.099) 14.0 42.1 magnetospheric arm
THB (03:59:16–04:01:58) 5 (0.515, 0.853, –0.084) 63.4 7.3 azimuthally extended
~04:14 UT THC (04:13:54–04:15:00) 21 (0.631, 0.753, –0.186) 55.5 1.4 azimuthally extended
THD (04:14:10–04:14:45) 38 (0.666, 0.737, –0.114) 52.8 3.6 azimuthally extended
aaMSP-line is deﬁned as the angle between the axis orientation and the local, unperturbed magnetospheric ﬁeld; aX-line is deﬁned as the angle between the
axis orientation and the X line.
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[11] Figure 2a summarizes the observations of the sec-
ond ﬂux rope and surrounding regions in a 3-D large-
scale picture where the axis of the magnetosheath branch
of the ﬂux rope is assumed to be close to the
magnetosheath ﬁeld direction. Figure 2b shows an inter-
pretation of the results obtained in this section, in which
the direction of the X line, the orientations of the magne-
tospheric arm, and the azimuthally extended section of the
ﬂux rope are plotted. We will return to these two ﬁgures
later in the later sections.
2.3. Electron Energy-Pitch Angle Spectrum and 3-D
Field Line Geometries
[12] The presence of 3-D feature of the ﬂux rope geom-
etry is conﬁrmed by the electron distribution functions
taken by THC during the second ﬂux rope crossing. The
electron energy-pitch angle spectrum measured by THC
through the whole ﬂux rope crossing is shown in
Figure 3a. From top to bottom are shown: the magnetic
ﬁeld magnitude and LMN components; energy-time spec-
trogram, and three pitch angle-time spectrograms for three
different energy ranges corresponding to a typical magne-
tospheric (3394–30333 eV), accelerated magnetosheath
(495–1130 eV) and magnetosheath (42–215 eV) popula-
tion, respectively. The electron energy-pitch angle spec-
trum shows that the reconnected ﬂux rope possesses a
complex and variable substructure.
[13] The magnetospheric electron distribution (above
3394 eV) is used here to identify the magnetic topology
of the ﬂux rope (between two vertical dashed lines in
Figure 3a). Around 03:59:53 UT (the segment covered
by blue bars in Figure 3a), predominantly ﬁeld-aligned
(0–90; out-ﬂowing) magnetospheric electrons were
observed, suggesting an open ﬁeld line geometry connecting
the southern magnetosphere to the magnetosheath. Mean-
while, during the majority of time period (the segment
covered by red bars in Figure 3a) isotropic magnetospheric
electrons were observed. These are signatures of closed
magnetic ﬁeld lines connecting both hemispheres [Bogdanova
et al., 2008].
[14] The typical electron velocity distributions in the
open and closed ﬂux region are shown as 2-D cuts in
Figures 3b and 3c, respectively. The behaviors of the
magnetosheath and accelerated magnetosheath populations
agree well with the ﬁeld line topology interpretation.
At 03:59:52–03:59:55 (Figure 3b), low-energy magnetosheath
(<100 eV) electrons are seen to enter into the magnetosphere
antiparallel to the open ﬁeld lines (90–180); whereas at
03:59:40–03:59:43 UT (Figure 3c), low-energymagnetosheath
and accelerated magnetosheath populations are clearly found
to be trapped on the closed ﬁeld lines (bistreaming).
[15] The THC data here show that both closed and open
ﬁeld lines coexist in the ﬂux rope core region. Moreover,
THD detected similar signatures inside the magneto-
spheric arm in the event studied (not shown); the ﬁrst
and third ﬂux ropes have such a feature as well. Such
coexistence of both open and closed ﬁeld line topologies
within the same ﬂux rope might be a common aspect in
many 3-D MSXR events (see Figure 2a). We will return
to this point later.
2.4. Flux Rope Motion in 3-D View
[16] To further pursue the nature of the MSXR forma-
tion of ﬂux ropes, we apply de Hoffmann-Teller (HT)
analysis [Sonnerup et al., 1987] to study the motion of
the second ﬂux rope. The HT frame determination is
performed based on the measured ion bulk velocities and
magnetic ﬁeld data. A steadily accelerating HT frame
(linear time-variation of the frame velocity) is considered
here. It is found that good accelerating HT frames existed
for periods corresponding to the leading and trailing edge
crossings by THB and THD. Results are listed in Table 2.
The velocity VHT and acceleration aHT are given in x1,
x2, x3 components (the rotated LMN coordinates, as
shown on Figure 2a, where x3 is in the direction of
Figure 2. (color). Schematic diagrams of 3-D geometry of the second FTE: (a) Large-scale view from
the dawnside. The azimuthally extended ﬂux rope is approximately lying in the MP surface and parallel
to the X lines; the magnetospheric (magnetosheath) branch of the ﬂux rope connects the azimuthally
extended part to the North/South Hemisphere (magnetosheath) and approximately parallel to the local
magnetospheric (magnetosheath) ﬁeld. (b) Detailed structures near the observational site of the FTE.
THB crossed the magnetospheric arm, and THC/THD crossed the azimuthally extended section. Coexis-
tence of open and closed ﬁeld line topologies was observed inner the ﬂux rope.
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N,x2 is parallel to the X line and x1 completes the triad).
The four excellent correlation coefﬁcients cc (1) and
very small ratios D(VHT)/D(0) (see Table 2) conﬁrm that
the ion frozen-in condition holds and one can readily iden-
tify a steadily accelerating HT frame for each time interval
of interest.
[17] The azimuthally extended ﬂux rope is bounded in the
draped magnetosheath region. At the beginning of the lead-
ing edge and the end of the trailing edge, THB was located
in the draped magnetosheath ﬁeld area. The observed
magnetosheath ﬂow was (–74, 89, –24) km/s in LMN. As
shown in Table 2, for the azimuthally extended section of
the second FTE, VHT at the beginning of the leading edge
and the end of the trailing edge are almost the same and
are close to the ﬂow velocity in the draped magnetosheath
ﬁeld region. The calculated HT velocity here is thus reason-
able and believable. Furthermore, at the center of the BN
bipolar, THB grazed the azimuthally extended ﬂux rope
for a short time. At the end of the leading edge and the
beginning of the trailing edge, the spacecraft was traveling
inside the azimuthally extended section of the ﬂux rope,
the calculated HT velocities are (–155, 99, 11) and (–143,
96, 22) km/s, respectively, and they are also close to each
other. Thus, we take the average of these two inner VHT
values, i.e., (–149, 98, 17) km/s, to approximate the velocity
of the azimuthally extended ﬂux rope section. One thus sees
Figure 3. (color). (a) Energy and pitch-angle spectrum of electrons measured by THC when the space-
craft was crossing the second FTE: from top to button, the magnetic ﬁeld magnitude, BN, BM and BL com-
ponents; electron energy spectra; the pitch angle spectrogram for three energy ranges indicated on the left
(indicating magnetospheric, accelerated magnetosheath and magnetosheath populations respectively).
Each subpanel shows data averaged over 3 s (spin resolution). (b and c) Three seconds averaged electron
velocity distributions measured by THC for two time periods. The X-axis represents the component par-
allel to the magnetic ﬁeld; the Y-axis corresponds to the component in the direction of vB where v is
the electron bulk velocity. The color coding corresponds to the electron particle ﬂux. Three white circle
dash lines indicate 100 eV, 1 keV, and 6 keV respectively.
Table 2. Steadily Accelerating HT Frame Test for FTE 2a
Interval cc D(VHT)/D(0) Slope aHT (km/s
2) VHT Start (km/s) VHT End (km/s)
B-L (03:59:48–04:00:08) 0.996 0.003 0.96 (–4.0, 1.3, 0.7) (–76, 74, –2) (–155, 99, 11)
B-T (04:00:08–04:00:34) 0.981 0.037 1.02 (2.5, –0.5, –0.9) (–143, 96, 22) (–79, 84, –3)
D-L (03:59:20–03:59:41) 0.995 0.008 0.97 (–4.6, 2.6,–0.1) (52, 8, –35) (–45, 62, –38)
D-T (03:59:41–04:00:02) 0.996 0.006 1.00 (–4.0, –2.0, 0.2) (–59, 49, –33) (–142, 8, –30)
aL = leading edge, T = trailing edge, B =THB, D=THD. cc is the correlation coefﬁcient between three components of the convection electric ﬁeld and HT
electric ﬁeld; D(VHT)/D(0) is the mean square ratio of the residual electric ﬁeld in the HT frame to the induced electric ﬁeld in the spacecraft frame, which
measures the quality of the HT frame. The latter three columns are expressed in the rotated LMN coordinates (x1, x2, x3), where x3 points to the N direction,
x2 is parallel to the X line (positive west-northward) and x1= x3 x2.
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that it is accelerating southward and westward, mainly
perpendicular to the local rope axis.
[18] Similarly, for the magnetospheric arm of the ﬂux
rope, we can take the average of the VHT at the end of the
leading edge and the beginning of the trailing edge, i.e.,
(–52,56,–36) km/s as its approximate velocity and see that
it is accelerating southward, westward, and tailward. Note
that the ﬂux rope’s azimuthally extended section is moving
faster than the magnetospheric arm.
3. Discussion and Summary
[19] In this paper, using the THEMIS electron distribution
data in combination with the magnetic ﬁeld measurements,
we showed that two types of magnetic ﬁeld topology were
observed inside the reconnected ﬂux ropes: the opened ﬁeld
lines connecting the southern magnetosphere and the
magnetosheath, and closed ﬁeld lines connecting both hemi-
spheres. We interpret the coexistence of these two magnetic
connection types as the result of 3-D MSXR at the magneto-
pause and infer that it may manifest a common feature in the
MSXR process. Coexistence of both open and closed ﬁeld
line topologies within the same ﬂux rope has been seen in
3-D simulations of multiple X-line reconnection [Fu et al.,
1990; Lee et al., 1993; Tan et al., 2011], and now has been
shown to exist in the THEMIS measurements. Contrary to
the traditional view on the open geometry of FTE ﬂux ropes
[ieroset et al., 2011], we here, for the ﬁrst time, show
observations of the mixed topology inside the FTE ﬂux rope.
[20] Magnetopause MR with one X line at low latitudes
produces open ﬁeld lines connecting the magnetosheath to
the northern (southern) magnetosphere [Gosling et al.,
1990]. However, in the ongoing MSXR, when the former
X line has swept poleward/ﬂankward by the magnetosheath
ﬂow and a new X line appears in the subsolar region, helical
ﬁeld lines are created to form a ﬂux rope. As can be seen in
Figure 4, ﬁeld lines with two ends connecting to the
magnetosheath and magnetosphere, respectively, create an
open geometry (Figure 4a); while those with both ends
connecting to the magnetosphere constitute a closed conﬁg-
uration (Figure 4b). The open ﬂux rope continuously pro-
vides a channel for transport of ﬂux and plasmas across the
magnetopause; while the closed-ﬁeld structures, converted
from the open structures, may make signiﬁcant contributions
to the formation of the low latitude boundary layer on closed
geomagnetic ﬁeld lines [Boudouridis et al., 2002]. We sup-
pose that such complex magnetic ﬁeld topologies inside
the ﬂux ropes via MSXR might also appear in reconnection
processes in the interplanetary current sheet [Moldwin et al.,
2000; Ruan et al., 2009], and in other planetary magneto-
spheres [Huddleston et al., 1997; Russell and Walker,
1985; Slavin et al., 2010; Walker and Russell, 1985],
where in situ measurements are not as many as in the terres-
trial case.
[21] Additionally, using data from multiple spacecraft
located on both sides of the MP, we were able to infer
the 3-D structure of the ﬂux rope. The detailed analysis
results of the orientation and motion of the second ﬂux
rope are shown in the Figure 2b. The azimuthally
extended part of the ﬂux rope and its magnetospheric
arm are clearly shown. It directly conﬁrms the presence
of double X lines, parallel to, and on either side of, the
azimuthally extended part of the ﬂux rope. The different
motion between the azimuthally extended section and the
magnetospheric arm of the ﬂux rope implies that the over-
all shape of the ﬂux rope will be changed during evolution
of the FTEs. The computed orientations of the ﬁrst and
third ﬂux ropes are consistent with the geometry inferred
for the second ﬂux rope (see Table 1). THB crossed the
magnetospheric arm of the ﬁrst ﬂux rope and azimuthally
extended section of the second ﬂux rope in succession;
THC/THD remotely grazed the ﬁrst ﬂux rope and then
encountered the magnetospheric arm of the second and
azimuthally extended part of the third ﬂux rope. Such
long-time observations have shown a whole picture of
the consecutive formation of ﬂux ropes near the subsolar
region during MSXR.
Figure 4. (color). The conﬁgurations of the (a) open and (b) closed ﬂux rope on the magnetopause when
the new X line starts to form near the subsolar region. The dashed red curves represent the ﬁeld lines
initially on the magnetospheric side, and the solid blue curves represent the ﬁeld lines initially on the
magnetosheath side. The black lines indicate X lines. The red, blue and green crosses denote the locations
at the new X line where an open ﬁeld line (which links the magnetosheath to the Northern Hemisphere)
reconnected with a magnetospheric, magnetosheath ﬁeld line and intersected with another open ﬁeld
line, respectively.
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[22] In summary, we have shown, for the ﬁrst time, the
observational 3-D features of FTE ﬂux ropes resulting from
MSXR: i.e., (a) the 3-D structure of the FTE ﬂux rope across
the magnetospheric boundary, based on multiple satellite
measurements made on both sides of the magnetopause;
(b) the coexistence of both open and closed ﬁeld lines inside
the central region of the FTE ﬂux ropes; and (c) FTEs make
important contributions to formation of the magnetospheric
boundary layer of closed ﬁeld lines. Knowledge of the 3-D
structure and complex geometry of FTE ﬂux ropes will
improve our understanding of solar wind-magnetosphere in-
teraction. Up to now, generation of FTEs and 3-D structure
of FTE ﬂux ropes is not fully understood yet. Further in situ
3-D measurements and 3-D high-resolution global simula-
tions are highly desired.
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